The mammalian immune system must specifically recognize and eliminate foreign invaders but refrain from damaging the host. This task is accomplished in part by the production of a large number of T lymphocytes, each bearing a different antigen receptor to match the enormous variety of antigens present in the microbial world. However, because antigen receptor diversity is generated by a random mechanism, the immune system must tolerate the function of T lymphocytes that by chance express a self-reactive antigen receptor. Therefore, during early development, T cells that are specific for antigens expressed in the thymus are physically deleted. The population of T cells that leaves the thymus and seeds the secondary lymphoid organs contains helpful cells that are specific for antigens from microbes but also potentially dangerous T cells that are specific for innocuous extrathymic self antigens.
specific for antigens expressed in the thymus are physically deleted. The population of T cells that leaves the thymus and seeds the secondary lymphoid organs contains helpful cells that are specific for antigens from microbes but also potentially dangerous T cells that are specific for innocuous extrathymic self antigens. The outcome of an encounter by a peripheral T cell with these two types of antigens is to a great extent determined by the inability of naive T cells to enter nonlymphoid tissues or to be productively activated in the absence of inflammation.
Current evidence indicates that selfreactive lymphocytes can be inactivated at all stages of their development by a variety of mechanisms. Perhaps the best understood is clonal deletion of lymphocytes at an early stage of development in the primary lymphoid organs-e.g., T cells in the thymus-if their antigen receptors have a high affinity for self antigens expressed there. However, this process alone cannot account for tolerance that exists toward antigens that are not well expressed in the primary lymphoid organs. Examples of such antigens are proteins that are expressed exclusively in the parenchymal tissues, proteins that are only expressed at certain developmental stages of the organism, and the infinite variety of otherwise innocuous environmental proteins present in the air and diet. Because peptides derived from these proteins are presented to mature T cells outside of the thymus, peripheral tolerance cannot be explained by a developmentally regulated susceptibility to deletion, as in the case of immature T cells, but rather depends on factors that are extrinsic to the selfreactive T cell.
In recent years, it has become clear that a full understanding of immune tolerance cannot be achieved with reductionist in vitro approaches that separate the individual lymphocyte from its in vivo environment. The in vivo immune response is a well-organized process that involves multiple interactions of lymphocytes with each other, with bone-marrow-derived antigenpresenting cells (APCs), as well as with nonlymphoid cells and their products. The anatomic features that are designed to optimize immune tolerance toward innocuous self antigens and increase the efficiency of recognition and elimination of pathogens are the subjects of this review.
Thymic Tolerance
The thymus is the primary lymphoid organ where immature precursors develop into mature T cells (1) . It is also the site where immature T cells that express self-reactive T-cell antigen receptors (TCRs) are eliminated (2) . The thymus is organized into three physically distinct areas: the outer subcapsular zone, the cortex, and the inner medulla (1) . The subcapsular zone is a thin space that lies directly below the outer capsule that encases the thymus. This area contains the most immature CD4-CD8-T-cell precursors that have recently migrated to the thymus from the bone marrow. From the subcapsular zone, the immature T cells migrate deeper into the thymus and enter the cortex, which is richly populated by a special type of epithelial cell that expresses high levels of class I and II major histocompatibility complex (MHC)-encoded molecules. In the cortex, the T-cell precursors begin to express both CD4 and CD8 and to rearrange their TCR a and 13 genes such that each cell will express a different rearranged TCR-a(3 heterodimer. The specificity of the TCR expressed by a given CD4+ CD8+ thymocyte for a peptide-MHC complex expressed on another cell (the APC) will determine the thymocyte's fate. Evidence from fetal thymic organ cultures suggests that a CD4+ CD8+ thymocyte that expresses a TCR with low but measurable avidity for a self peptide-MHC complex will be "positively selected," that is, it will be allowed to differentiate into a mature CD4+ CD8-(if its TCR is specific for a self peptide-class II MHC complex) or a CD4-CD8+ (if its 2245 TCR is specific for a self peptide-class I MHC complex) T cell that will exit the thymus and seed the secondary lymphoid tissues (3, 4) . In contrast, cortical CD4+ CD8+ thymocytes that express TCRs that have no avidity for self peptide-MHC complexes do not survive and die by an apoptotic mechanism. Cortical epithelial cells are essential for the process of positive selection because they display the self peptide-MHC complexes that are recognized by CD4+ CD8+ thymocytes and also provide essential differentiation factors (5) . Positively selected T cells continue their journey toward the central region of the thymus by first crossing the corticomedullary junction and then entering the medulla. The medulla contains the products of positive selection-i.e., mature CD4+ CD8-or CD4-CD8+ T cells, that exit the thymus into the blood and seed the secondary lymphoid tissues, where they will be available to be activated by a foreign peptide-MHC complex.
The population of positively selected cortical T cells will include cells that have a strong avidity for self peptide-MHC complexes that are expressed on thymic APCs. These T cells are potentially autoreactive and must be eliminated. Work from many laboratories has shown that this occurs via physical deletion involving apoptosis (6) . Experiments with TCR transgenic mice that also express the antigen the transgenic T cells are specific for have shown that clonal deletion can occur either early in the CD4+ CD8+ stage in the cortex (7, 8) or later in the CD4+ CD8+ stage in the medulla (9, 10) . The site where a given self-reactive T cell will be deleted in the thymus is probably determined by the location of the cells that present the relevant self peptide-MHC complex (6) . In cases where T cells are deleted early in the CD4+ CD8+ stage in the cortex, the relevant complex is probably presented by cortical epithelial cells. Because blood-borne macromolecules have poor access to the cortex (11), cortical clonal deletion is probably most relevant for antigens that are produced by the cortical epithelial cells themselvese.g., MHC molecules and housekeeping proteins-or are produced in large amounts by other cells in the cortex-e.g., thymic hormones. In several cases where T cells are deleted in the medulla, the relevant antigen is preferentially produced by bone marrow-derived medullary APCs (9) or is preferentially picked up from the serum, processed, and presented by medullary APCs (10) . This process is facilitated by the concentration of interdigitating dendritic cells, the most potent inducers of clonal deletion (12) , at the corticomedullary junction (1).
The Peripheral Tolerance Paradox
Because clonal deletion of self-reactive T cells in the thymus is such an efficient process, one might speculate that this is the only T-cell tolerance mechanism that is required. However, not all self antigens are expressed in, or gain access to, the thymus. Self antigens that are not expressed in the thymus are by definition expressed in areas of the body that may be patrolled by mature T cells. Tolerance to these types of antigens is particularly problematic because, unlike immature T cells that are programmed to die when stimulated, peripheral T cells are designed to respond in a positive fashion. Therefore, the challenge of the immune system is to retain the capacity to activate peripheral T cells that are specific for microbial antigens but silence the functions of peripheral T cells that are specific for extrathymic self antigens without being able to delete these T cells in the thymus. It is therefore important to define the events that result in effective antimicrobial T-cell immunity if we are to understand the critical steps that must be avoided if fullblown reactivity to extrathymic self antigens is to be prevented.
Lymphocyte Migration Through Secondary Lymphoid Tissues
After T cells leave the thymus, they recirculate between the blood and lymph with intermediate stops in secondary lymphoid tissues (13) (lymph nodes, Peyer's patches, and the spleen) (1). The secondary lymphoid tissues are designed to co-localize antigen, APCs, and naive T and B cells. Peripheral lymph nodes are strategically located throughout the body to collect and process antigens arriving via the lymphatic vasculature. Lymphatic vessels originate as closed-end capillaries that collect tissue-derived lymph fluid and lymphocytes. Not surprisingly, the richest networks of lymphatic vessels are found in sites of greatest foreign antigenic load-e.g., skin and mucosal surfaces (1) . Lymph and lymphocytes are carried into lymph nodes by afferent lymphatic vessels, pass through the lymph node cortex and medulla and exit via efferent lymphatic vessels (Fig.  1A) . This flow pattern ensures that lymphborne antigens will percolate through the densely clustered lymphocytes and APCs that make up the inner part of the lymph node, optimizing the chances that effective antigen presentation will occur. Macrophages line the subcapsular space in a position where they can phagocytose particles and produce proinflammatory cytokines that, as detailed below, play a key role in adaptive immunity. Interdigitating dendritic cells, the most potent APCs at activating naive T cells (14) , are interspersed throughout the central paracortex that also contains mainly T cells plus a few B cells. Most B cells are located in follicles in close association with follicular dendritic cells, although a few T cells are also present. A key feature of this arrangement is the juxtaposition of T and B cells with the dendritic cell types that are critical for B 0D their activation. The spleen has a similar organization but is unique among secondary lymphoid organs because it lacks afferent lymphatic drainage and is thus dedicated to process blood-borne antigens exclusively. The spleen is divided into the red pulp, which contains red blood cells and macrophages, and the white pulp, which has T-and B-cell-rich areas like the lymph nodes (Fig. 1B) . A central artery enters the spleen and branches into arterioles that end in splenic sinuses present in the red pulp. The arterioles dump their contents of blood cells and fluids into the sinuses, providing the major means by which blood-borne material enters the spleen. T cells and interdigitating dendritic cells are concentrated along the length of the arterioles to form the periarterial lymphatic sheath (PALS) that constitutes the T-cell-rich zone of the spleen and is analogous to the lymph node paracortex. Follicles rich in B cells and follicular dendritic cells are attached to the PALS at various points along its length, and both the follicles and PALS are surrounded by the marginal zone. The marginal zone is a unique structure of the spleen and consists of a mixture of T and B cells, including memory B cells.
Secondary lymphoid tissues are not static structures; rather, lymphocytes are constantly coming in and going out. This is an essential feature of the immune system, which must move its lymphocyte repertoire through the secondary lymphoid tissues where lymph-or bloodborne antigenic material will be captured and presented. Naive-i.e., cells that have never been stimulated-T and B cells use molecules like L-selectin to exit the blood and enter lymph nodes by binding to specialized blood vessels called high endothelial venules (HEVs) that are located in the paracortex (15) . In contrast, naive lymphocytes enter the splenic white pulp via an HEV-and L-selectin-independent mechanism, probably by leaving the red pulp sinus and directly entering the marginal zone (1, 15, 16) . Naive T cells are deposited into the T-cell zones, whereas naive B cells migrate to primary follicles. Both cell types remain in a given secondary lymphoid tissue site for 10-20 h, and, if they do not encounter their cognate antigen, they leave and recirculate to another secondary lymphoid tissue (17) . As described below, the tropism of lymphocytes for secondary lymphoid tissues is lost following activation and replaced with a tropism for nonlymphoid tissues.
Peripheral T-Cell Activation by Microbial Antigens
As diagrammed in Fig. 2A , introduction of foreign antigen dramatically alters the behavior of those lymphocytes within secondary lymphoid tissue that are specific for the antigen in question. Foreign antigen that is deposited in tissue may travel passively to the nearest lymph node by way of the draining afferent lymphatic vessels (1). Alternatively, immature dendritic cells present in the tissue-e.g., Langerhans cells of the skin-may take up the antigen and, in response to inflammatory cytokines, migrate via the afferent lymph to the node (18) (19) (20) . Antigen that is present in the blood will be taken up by red pulp macrophages or diffuse from the red pulp into the white pulp. Although B cells and macrophages probably take up and process free antigen that enters the lymph node and spleen, many studies indicate that antigen-bearing, interdigitating dendritic cells are essential for the initial activation of naive T cells (14) . In addition, the immature dendritic cells that migrate from the tissue may be critical because these types of cells have been shown to take -up and process large amounts of antigen, a property that is lost in mature dendritic cells (14, 21) .
The co-localization of dendritic cells and naive T cells in the paracortex and PALS increases the chances that naive T cells with the appropriate TCRs will find an antigen-bearing APC. The interaction of CD28 (22) expressed by the T cell and B7-1 or B7-2 (22) expressed by the dendritic cells plays an important role in the clonal expansion of naive T cells in the paracortex. Paracortical dendritic cells express B7-2 molecules in situ (23), and immature tissue dendritic cells increase expression of B7 molecules during their migration from tissue to the lymph node (24) . Once activated by antigen-bearing dendritic cells, the specific T cells proliferate in the paracortex and become competent to receive further activation signals from antigen-bearing macrophages and B cells (14) . The latter population includes antigen-specific B cells that use their surface immunoglobulin molecules to efficiently internalize and process the antigen and present peptide-MHC complexes.
Surprisingly, the initial interaction between splenic antigen-specific B cells and helper T cells occurs in the T-cell-rich PALS (25) (26) (27) , a site where very few B cells reside.
Some of the activated T (28, 29) and B cells (30) then migrate from the T-cell zone into follicles to initiate the germinalcenter reaction. In the follicles, activated CD4+ T cells produce critical lymphokines that promote B-cell proliferation and isotype switching and express CD40 ligand that binds to CD40 on the B cells. Immunohistochemical analyses have localized CD40 ligand-expressing, lymphokine-producing T cells in close proximity to antibody-forming B cells in the PALS and follicles (31) . CD40 signaling in B cells has been shown to be important for stimulating B-cell proliferation (32, 33) and antibody production (32) and for enhancing the T-cell costimulatory activity of B cells (34) . CD40 ligand has been recently shown to deliver an activation signal to T cells that is important for their clonal expansion (35, 36) . The importance of the CD40-CD40 ligand interaction is demonstrated by the findings that primary and secondary antibody responses and germinal-center formation are blocked by anti-CD40 ligand antibody treatment in vivo (37, 38) and that CD40 ligand-deficient mice (39) and humans (40) way and begin to form the characteristic germinal center, composed of a dark zone containing actively proliferating B-cell blasts that are undergoing somatic hypermutation of immunoglobulin heavy and light chain genes and a light zone containing nonmitotic B cells (41, 42) . Antigenantibody complexes, produced in the Tcell zone by B cells during their initial interaction with T cells, are bound by follicular dendritic cells (43) . These complexes serve as a source of antigen for selection of the highest affinity B cells, presumably those cells that have acquired the most beneficial immunoglobulin somatic mutations. It is thought that these B cells capture antigen very efficiently and thus outcompete other antigen-binding B cells for immunoglobulin-or CD40-mediated survival signals provided by follicular dendritic cells and helper T cells. The germinal-center reaction peaks about 2 weeks after initial antigen exposure and wanes thereafter (26) , due in part to the dying off of many of the antigen-specific T and B cells. However, by way of a poorly understood process, some of the antigen-specific T and B cells survive to become memory cells that are capable of mounting rapid and efficient secondary responses (44) .
During the course of the primary immune response, activated T cells lose Lselectin that is involved in lymph node entry and increase expression of adhesion molecules on their surface-e.g., LFA-1 and VLA-4-that permit extravasation into nonlymphoid tissues (44) . The trafficking of activated lymphocytes into tissues is governed by interactions with vascular endothelium in inflamed tissues (45) . Inflammatory mediators and cytokines-e.g., interleukin 1 (IL-1) and tumor necrosis factor a (TNF-a)-produced by macrophages and parenchymal cells in response to microbial molecules, induce the expression of selectins, integrin ligands, and immobilized chemokines on nearby vascular endothelial cells. Therefore, previously activated T cells that express higher levels of LFA-1 and VLA-4 are preferentially recruited into inflamed tissues, although in cases of chronic inflammation, naive T cells can also enter because the local vascular endothelium takes on the properties of HEV (15) . The net effect of this process is to allow antigen-specific lymphocytes to migrate to the actual sites of inflammation where the invading pathogen has entered the body.
In summary, T-cell immunity to microbial antigens depends on inflammation at the site of entry; co-localization of microbial antigen, APCs, and naive T cells in secondary lymphoid tissues; and clonal expansion and survival of antigen-specific T cells, followed by their migration into follicles and then into nonlymphoid tissues. As outlined below, peripheral tolerance can operate at any of these steps depending on the nature of the self antigen.
Developmentally Regulated Antigens
If autoimmunity is to be prevented, the aforementioned sequence of events must be avoided when peripheral self antigens are presented. This situation could occur when developmentally regulated self antigens, for example proteins associated with pregnancy, lactation, puberty, and aging, appear in the blood for the first time after mature T cells have seeded the secondary lymphoid organs. In these cases, it is likely that new proteins are presented to a mature T cell repertoire that has not had the chance to purge itself of T cells specific for peptide-MHC complexes derived from these proteins. Thus, these peptide-MHC complexes would be expected to be just as "foreign" to the immune system as those derived from microbes. Clues about a possible explanation for this paradox come from experiments performed by Dresser (46, 47) , which showed that the immunogenicity of purified antigens was determined by factors in addition to foreignness. He showed that even foreign antigens failed to induce immunity unless they were injected with an adjuvant (46) . Adjuvants are components of microbes, for example lipopolysaccharide or muramyl dipeptide, that induce inflammation (48). Dresser (47) and others (49) also showed that injection of foreign proteins without an adjuvant induced a state of long-lasting immunological tolerance such that subsequent injection of the same protein together with an adjuvant failed to induce immunity. These results suggested that: (i) adjuvants create an inflammatory in vivo environment that is conducive to adaptive immunity; and (ii) in the absence of this environment, antigen exposure results in tolerance. According to this model (50, 51) , developmentally regulated self proteins would not cause autoimmunity because they would be presented to T cells in the absence of inflammation, whereas microbial antigens would induce immunity because they would always be presented to T cells in the presence of inflammation caused by components of their cell walls or membranes.
To study this situation in more detail, our laboratory directly tracked the fate of antigen-specific T cells following in vivo exposure to a soluble antigen alone or to that same antigen emulsified in Freund's adjuvant (29) . A low but detectable number of TCR transgenic T cells were transferred into normal syngeneic recipients, and the number and location of the transferred T cells was followed by immunohistology or flow cytometry by using an anti-clonotypic antibody that recognizes only T cells that express the transgenic TCR. Following antigen injection in adjuvant, antigen-specific T cells proliferated extensively in the paracortical region of the draining lymph nodes and after several days appeared in draining lymph node follicles. After day 5, the antigenspecific T cells gradually disappeared from the lymph nodes. Adoptively transferred mice primed in this way produced high levels of antigen-specific IgG and developed a local delayed-type hypersensitivity reaction when challenged with antigen, suggesting that humoral and cellular immunity had been induced (M.K.J., unpublished observation). In contrast, when adoptively transferred mice were injected intravenously with soluble antigen alone, the antigen-specific T cells proliferated transiently in the paracortical regions of peripheral lymph nodes but never went into follicles, and most of the T cells rapidly disappeared. These animals did not produce antibody (M.K.J., unpublished observation). Given the dependence of germinal-center formation on CD4+ T cells (39, 40, 52) , it is likely that this failure is related to the inability of antigen-specific T cells to enter the follicles. When adoptively transferred mice that were first injected with antigen alone were rechallenged with antigen in adjuvant, the few remaining TCR transgenic T cells proliferated poorly in the draining lymph nodes, suggesting that their activation was impaired. A very similar set of observations was reported by Kyburz et al. (53) using CD8+ TCR transgenic T cells specific for a viral peptide-class I MHC complex. Therefore, in these situations, even though the antigen (chicken ovalbumin or viral protein) was completely foreign to the host, administration of the antigen under noninflammatory conditions caused an abortive type of T-cell activation that resulted in tolerance instead of immunity.
A scenario by which adjuvants shift the T-cell response toward immunity ( Fig.  2A) instead of peripheral tolerance (Fig.  2B) is shown in Fig. 2 . As noted above, the CD28-B7 and CD40 ligand-CD40 interactions play key roles in the productive immune response, and, thus, adjuvants may work by causing the induction of B7 on APCs or CD40 ligand on the responding T cells. Microbial products have been shown to induce B7 and other costimulatory molecules on normally B7-negative resting B cells (54) , and inflammatory cytokines produced in response to microbial products cause immature dendritic cells to migrate from the inflamed site to the regional lymph nodes and express high levels of B7 (18) (19) (20) 24) . Therefore, in the absence of inflammation, fewer costimulatory APCs would be predicted to be present in the draining lymph nodes. Several lines of evidence indicate that this situation favors T-cell tolerance. Prevention of CD28-B7 interactions in vivo has been shown to inhibit T-cell immunity (55) (56) (57) (58) (59) and result in antigen-specific Tcell tolerance in several (56-58), but not all (55), instances. Injection of B7-negative resting B cells induces T-cell tol-erance in vivo (60, 61) , although it has been argued (61) that this is related to a tolerogenic program that occurs in naive T cells whenever they are stimulated by an APC other than a dendritic cell and not by the poor costimulatory function of resting B cells. However, the ability of B cells to induce T-cell tolerance is greatly enhanced if recipient mice are also treated with anti-CD40 ligand antibody (62) or if the B cells are CD40-deficient (63) . One explanation for this is that inhibition of CD40 signaling prevents the induction of B7-dependent T-cell costimulatory activity in the B cells (34) . An alternative explanation, however, is that CD40 ligand delivers a critical activation signal to the T cell that prevents death or induction of functional unresponsiveness (35, 36) . Independent of the mechanism, the ability of B-cell antigen presentation in the absence of dendritic-cell antigen presentation to induce T-cell unresponsiveness may be an important tolerance mechanism for self antigens expressed only by B cells-e.g., peptide-MHC complexes derived from variable components of immunoglobulins (61) .
Adjuvants may also facilitate T-cell immunity by stimulating cells of the innate immune system to produce inflammatory cytokines that promote T-cell survival. Injection of superantigens that directly crosslink the TCR-I3 chain on T cells and class II MHC molecules on APCs induces transient T-cell proliferation followed by unresponsiveness and death (64) , as in the case of peptide antigen injection in the absence of adjuvant (29, 53) . Marrack and coworkers (65) have shown that the T cells that express the appropriate TCR-13 chains survive much longer if lipopolysaccharide is injected along with the superantigen. TNF-a appears to be partially responsible for this effect. In addition, the disappearance of T cells that is induced by the injection of antigen in the absence of adjuvant does not occur if the T cells lack Fas (66), implicating Fas-Fas ligand interactions in this peripheral deletion pathway.
Tolerance also results when CD8+ T cells are suddenly exposed to their cognate antigen in the periphery. Rocha and von Boehmer (67) showed that when CD8+ T cells from female donors expressing a transgenic TCR specific for the male H-Y antigen were transferred into male recipients, the T cells proliferated transiently, and then most of the cells died leaving behind a population that was functionally unresponsive due to loss of surface TCR and CD8 molecule expression (66) . These surface molecule changes were not noted in the aforementioned cases where peripheral tolerance was induced by the injection of soluble antigen in the absence of an adjuvant (29, 53) . Loss of TCR and accessory molecules may be a consequence of chronic stimulation because in the H-Y system the antigen in question (H-Y-expressing male cells) cannot be readily cleared. Functional unresponsiveness related to TCR and CD8 modulation may also be involved in immunological tolerance to the fetus. Pregnancy-associated loss of TCR and CD8 has been described for CD8+ TCR transgenic T cells in pregnant mice that carry a fetus expressing the class I MHC molecule for which the transgenic TCR is specific (68) . Tolerance does not persist in the mother postpartum, suggesting that the tolerogens are fetal cells that migrate into the mother. Although it is possible that tolerance in these cases is caused by antigen presentation in a non-inflammatory environment as diagrammed in Fig. 2B , it is equally possible that chronic stimulation by antigens that cannot be easily cleared results in "exhaustion" of the T cells (69) .
As noted above, antigen-specific CD4+ T cells did not enter follicles following a tolerogenic injection of antigen in the absence of an adjuvant (29) . A similar type of follicular exclusion has been shown for tolerized antigen-specific B cells. Goodnow et al. (70) have produced double transgenic mice that express hen egg lysozyme (HEL)-specific immunoglobulin on all of their B cells and also express a soluble form of HEL. HEL-specific T cells are tolerant in these mice and, thus, the transgenic B cells are constantly exposed to HEL in the absence of T-cell help. The transgenic B cells are not deleted but become functionally unresponsive because of a proximal block in secreted immunoglobulin signaling (71) . When transferred into HEL, single transgenic mice that possess a diverse B-cell repertoire, the unresponsive B cells from the double transgenic mice accumulated in the T-cell zones, did not enter follicles, and died shortly thereafter (72) . Because this phenomenon was not observed in the intact, double transgenic mice, the authors concluded that the follicular exclusion of the transferred unresponsive B cells was due to failed competition with normal B cells. These investigators (73) and others (74, 75) also demonstrated that activated germinal-center B cells that are suddenly exposed to a cross-reactive antigen for which there is no T-cell help leave the germinal center and enter the T-cell zone but are unable to reenter the germinal center and die. This is probably an important tolerance mechanism that eliminates B cells that acquire immunoglobulin somatic mutations that confer reactivity for a self antigen present in the lymphoid tissue. Therefore, in three different tolerogenic situations-activation of naive T cells in the absence of inflammation, stimulation of naive T-cell zone B cells in the absence of T-cell help, or confrontation of activated germinal center B cells with a cross-reactive antigen in the absence of T cell help-the specific lymphocyte population is excluded from the follicle (or germinal center) and dies or becomes unresponsive. The lengths to which the immune system has gone to exclude potentially self-reactive lymphocytes from follicles suggests that the follicle provides an essential microenvironment for the generation of memory T and B cells. The actual mechanism by which T or B cells are excluded from follicles is unclear, however, although ineffective competition for follicular niches and failure of the production of a chemoattractant by follicular cells are possibilities.
In summary, the bulk of the evidence to date suggests that T-cell tolerance specific for developmentally regulated antigens (antigens that appear after a mature T-cell repertoire has formed) is induced in secondary lymphoid tissues as a consequence of an abortive form of T-cell activation that occurs when an inflammatory environment is absent.
Nonlymphoid Antigens
A second class of antigens that peripheral T cell tolerance must deal with are proteins expressed exclusively in nonlymphoid tissues, for example proteins expressed only in the pancreas, liver, or kidney. Because these proteins are not expressed in the thymus, there is no opportunity to clonally delete T cells specific for peptide-MHC complexes derived from them.
The first line of protection for these types of self antigens is related to the fact that naive T cells are relatively confined to blood and secondary lymphoid organs and cannot efficiently enter uninflamed nonlymphoid tissues (13) . Therefore, nonlymphoid antigens are tolerated, in part because naive T cells do not get access to the tissues that express them. This could explain the results of Ohashi et al. (76) , who studied double transgenic mice expressing lymphocytic choriomeningitis virus glycoprotein (LCMV-GP) in the B3 islet cells of the pancreas and also a TCR specific for LCMV-GP/H-2Db on all CD8+ T cells.
Despite the fact that most of the T cells in these animals were specific for LCMV-GP peptide-H-2Db, they did not develop diabetes. Tolerance was not due to deletion or T-cell anergy since the functional response of transgenic T cells, when measured in vitro, was the same as that of T cells from TCR transgenic mice that did not express LCMV-GP. When the doubly transgenic animals were infected with LCMV, the pancreas was infiltrated with TCR transgenic T cells and the f3 cells were destroyed. These results are consistent with the idea that the naive TCR transgenic T cells did not enter the pancreas and thus ignored the antigenbearing R cells. However, activation of the T cells in secondary lymphoid tissue by the virus infection would be expected to cause the expression of adhesion receptors re-quired for extravasation, thus allowing the T cells to enter the pancreas and destroy the , cells.
Although the results mentioned above suggest that it is limited, some degree of surveillance of most nonlymphoid tissues by naive T cells probably does occur. A peripheral tolerance mechanism would be required to deal with this, especially for CD8+ T cells that recognize class I MHC molecules that are expressed on most nonlymphoid tissues. Evidence for peripheral tolerance in this situation comes from studies by Arnold and coworkers (77) (78) (79) Although it is possible that tolerance could have been induced in regional lymph nodes, this seems unlikely since it would have required that the T cells recognized passively acquired Kb on the surface of a lymph node APC. Naive T-cell surveillance may be higher in tissues like the liver that have a rich blood supply and where blood flow is reduced in sinusoids providing a better opportunity for naive T cells to leave the circulation.
One explanation for why self antigen-MHC presentation by nonlymphoid tissues induces tolerance instead of autoimmunity is that most nonlymphoid tissues do not express costimulatory molecules like B7 that are required to activate naive T cells and, perhaps, prevent tolerance. This idea has been validated by the results of Flavell and coworkers (80, 81) using transgenic mice that express I-E class II MHC molecules alone, B7-1 alone, or I-E plus B7-1 on pancreatic (3 cells. Coexpression of both I-E and B7-1, but not I-E or B7-1 alone, on pancreatic (3 cells resulted in T-cell-mediated destruction of the pancreas instead of tolerance. Furthermore, transplanted I-E+, B7-1+ islets were rejected by normal mice but not by the transgenic mice that express only I-E in the pancreas, demonstrating that the T cells in the latter mice were truly tolerant to I-E and not simply ignorant of it. This important set of results shows that nonlymphoid tissues that express class II MHC molecules are capable of inducing CD4+ T-cell tolerance, whereas nonlymphoid tissues that express both class II MHC and costimulatory molecules induce T-cell immunity. It should be noted, however, that constitutive expression of class II MHC molecules is not the normal situation. In a normal individual, even if a CD4+ naive T-cell specific for a self peptide-class II MHC complex were to wander into a nonlymphoid tissue, the T cell would not be activated because these tissues normally do not express class II MHC molecules. Evidence for a lack of constitutive self antigen-class II MHC presentation is provided by the finding that transgenic B7 expression alone in pancreatic (3 cells (80-82) or keratinocytes (83, 84) does not induce CD4+ T-cell-mediated autoimmunity. It is therefore likely that ignorance is the major mechanism of tolerance for class II MHC-restricted, tissuespecific peptides in normal individuals. However, class II MHC molecules are upregulated on many nonlymphoid costimulation-deficient tissues during inflammation, and this could serve as a means of terminating chronic T-cell responses. The finding that constitutive expression of B7-1 by keratinocytes greatly increases and prolongs cutaneous delayed-type hypersensitivity reactions to exogenously applied contact sensitizers is consistent with this possibility (83, 84) .
Antigens Expressed in Privileged Sites
Some organs-e.g., brain, gonads, and eye-are considered immune-privileged sites because foreign antigens that are placed within them do not provoke an immune response and often tolerance is induced instead. These organs maintain even stronger barriers to routine entry of lymphocytes than other nonlymphoid tissues. Such restriction may be required to avoid disruption of normal physiologic function of these sites by the destructive force of the immune response. One example is the blood-brain barrier, where tight junctions between endothelial cells of the brain vasculature prevent the access of lymphocytes to the central nervous system (15, 85) . The importance of the bloodbrain barrier as a self-tolerance mechanism is illustrated by experimental models of autoimmunity involving the central nervous system. One example, experimental autoimmune encephalomyelitis, can be induced by CD4+ T cells specific for certain components of myelin (86, 87) . However, this can only be achieved in certain strains of mice that are notable for increased vascular sensitivity within the central nervous system (87, 88) . Even in this context disease often requires the use of pertussis toxin that is known to further disrupt the blood-brain barrier (89) (90) (91) .
Immune ignorance may also be an important mechanism of tolerance for other immune-privileged sites. Thus, extensive tight junctions also exist among Sertoli cells lining the seminiferous tubules in the testis, as well as among the retinal pigment epithelial cells in the eye (92, 93 (97) . Similar immunosuppressive microenvironments are also present in the brain, testis, and placenta (97) . Preferential skewing of the immune response toward humoral rather than cell-mediated immunity to antigens placed into immune-privileged sites, perhaps by favoring T-cell differentiation toward the less destructive Th2 phenotype, may be another possible mechanism of avoiding tissue damage (97, 98) .
Mucosal Antigens
The mucosal surfaces are exposed to the greatest number of foreign antigens. However, while effective immunity usually develops against microbial pathogens invading through the mucosa, immune tolerance is maintained against innocuous antigens that are components of diet and air. Some discrimination between potentially pathogenic intestinal contents and food is provided by the physical barriers created by the intestinal epithelium. Integrity of adhesion among intestinal epithelial cells and the layer of mucus coating the epithelium are critical in protecting the intestine from bacterial penetration (99) (100) (101) (102) . In contrast, soluble food proteins can directly pass from the gut lumen into the bloodstream (103) (104) (105) and thus would be likely to induce T-cell tolerance as a result of noninflammatory antigen presentation, as shown in Fig. 2B . Support for this comes from the finding that oral administration of soluble foreign protein antigens in the absence of an adjuvant results in systemic T-cell tolerance, whereas feeding foreign antigen plus a mucosal adjuvant, such as cholera toxin, results in T-cell immunity and IgA production (106) (107) (108) . Another reason for normal tolerance of food antigens may be due to the local suppressive microenvironment in the gut. Immunosuppressive molecules such as TGF-,3 and IL-10 are made abundantly in the intestine. In addition to resident parenchymal cells, another source of these molecules may be regulatory T cells that are preferentially activated by fed antigens (109, 110) . By whatever mechanism, TGF-/ and IL-10 clearly play a role in tolerance to mucosal antigens because TGF-,B1-and IL-10-deficient animals develop inflammatory bowel disease (111) (112) (113) . Interestingly, mice lacking TGF-,31 also develop systemic autoimmunity, suggesting an important systemic role of this cytokine in regulating the immune response.
Summary
Clonal deletion via apoptotic cell death appears to be the intrinsic response of immature thymocytes that receive high levels of TCR signaling. The structure of the thymus is designed to maximize exposure to thymic self peptide-MHC complexes by passing immature thymocytes through a gauntlet of cortical epithelial cells and corticomedullary dendritic cells. In contrast, peripheral tolerance, which by definition must act on mature T cells that are specific for extrathymic self antigens, depends on factors other than the avidity of the TCR for self peptide-MHC complexes. Many of these factors consist of anatomic barriers that limit the migration and activation of self-reactive T cells. The homing receptors expressed by naive cells restrict T cells to secondary lymphoid tissues, limiting the detection of tissuespecific self antigens expressed in nonlymphoid tissues. In addition, class II MHC and costimulatory molecules are not expressed by non-lymphoid tissues, preventing productive activation of self-reactive T cells that do gain access. T cells that recognize developmentally regulated self antigens in secondary lymphoid organs do so in a noninflammatory environment that does not allow the T cells to enter follicles or become memory cells. Finally, immune-privileged tissues that are highly susceptible to immune-mediated destruction protect themselves from T-cell attack with immunosuppressive cytokines and surface molecules. Together, these mechanisms limit the activation of naive T cells to secondary lymphoid tissues that drain sites of inflammation, and control the effector functions of activated T cells that enter nonlymphoid tissues. The fact that these limitations are only overcome during microbial infections prevents the T-cell system from mounting full-blown autoimmune responses to peripheral self antigens.
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